DNA arrays (microarrays) and differential displayReal-time reverse transcription polymerase chain reaction (RT-PCR (DD-PCR) are two of the leading technologies to PCR) methods that monitor product accumulation were adapted identify differentially expressed genes and genomefor the validation of differentially expressed genes. We describe a wide transcription patterns. The reliability of these real-time quantitative PCR assay that uses SYBR Green I dye-based detection and product melting curve analysis to validate differen-techniques to detect transcriptional differences repretially expressed genes identified by gene expression profiling tech-sentative of the original samples is affected by several nologies. Since SYBR Green I dye is a nonspecific intercalating factors. Microarray results are influenced by array dye, the reaction is made specific by using "hot-start" PCR and production, RNA extraction, probe labeling, hybridempirically determined annealing and signal acquisition temperaization conditions, and image analysis (1-4). DD-PCR tures for each gene-specific primer. Relative expression levels were quantified by constructing a standard curve using cDNA dilutions results are affected by electrophoretic resolution, of a highly expressed gene. Using this approach, real-time PCR weak and differential priming, analysis of banding validated 17 of 21 (71%) genes identified by DNA arrays, and all patterns and procedures for band characterization (5). by DNA arrays (9). In this report, we provide a detailed description of the real-time PCR methodology and its integration with DNA array and DD-PCR technologies for validation of differentially expressed genes.
at Ϫ20ЊC until ready to use. Purification of cDNA prior
DESCRIPTION OF METHOD
to real-time PCR was not necessary.
Basic Strategy
Determination of Real-Time PCR Conditions To achieve the flexibility required to validate the An initial annealing temperature was selected for large numbers of genes identified by expression profileach primer pair based on their computed T m 's using ing technologies, we chose LightCycler-based real-time GENSET OLIGOS, Oligo Version 4, (GENSET Corp., PCR with product detection using generic SYBR Green La Jolla, CA) or PRIMERSELECT of LASERGENE I dye. In addition, rather than constructing an absolute software (DNASTAR, Inc., Madison, WI). The annealstandard curve with serial dilutions of known template ing temperature was increased or decreased from the for each gene, a relative standard curve was constructed computed T m 's in steps of 2-3ЊC until the T m 's of the to permit comparison between samples. The relative specific product and that of the primer-dimers or nonstandard curve is simply constructed using serial diluspecific products were separated by at least 3-5ЊC. This tions of cDNA prepared from one sample identified in allows the signal acquisition to be set 1-2ЊC below the the gene profiling technique as having a high expres-T m 's of the specific product, minimizing signal interfersion level of the gene to be validated.
ence from nonspecific products. While still requiring the design and synthesis of genespecific primers, the expense of the special chemistry Reaction Setup and Cycling Conditions required for synthesis of gene-specific fluorogenic interAll instructions outlined in the LightCycler Manual nal probes is eliminated. In addition, the specificity of (Roche Molecular Biochemicals, Indianapolis, IN) were the reaction is monitored by determination of the prodfollowed for setting up the reactions in glass capillaries. uct melting temperature (T m : defined as the temperaTwo microliters of DNA Master SYBR Green I mixture ture at which half of DNA helical structure is lost).
(containing Taq DNA polymerase, dNTP, MgCl 2 , and Reaction specificity is improved by "hot-start" PCR and SYBR Green I dye; Roche Molecular Biochemicals) was by acquiring signal at a temperature 1-2ЊC below the incubated with 0.16 l TaqStart Antibody (Clontech, T m of specific product, avoiding the nonspecific signal Palo Alto, CA) for 5 min at room temperature prior to from primer-dimers that usually melt at lower temperthe addition of primers and cDNA template. In addition atures (10).
to the Master Mix, each reaction (20 l) contained 2 l of cDNA dilution, 0.4 M each primer, and 4 M MgCl 2 . Generally 1:200 and 1:2000 dilutions of cDNA were Real-Time RT-PCR Conditions used, but analysis of extremely low-abundance message could require less dilute cDNA for detection. Duplicate Reverse Transcription Reaction reactions were prepared for each dilution along with a no-template negative control (H 2 O control). No standThe same source of total RNA used in primary gene expression profiling should be used in validation experi-ard curve was used with these optimization assays. The cycling conditions used to determine primer-specific ments. The SuperScript First Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) was used to syn-PCR conditions consisted of 1 cycle at 95ЊC with 60-s hold for denaturation and "hot start" followed by 50 thesize cDNA in a 20-l reaction containing 1 g of DNase I-treated total RNA, 20 mM Tris-HCl (pH 8.4), three-segment cycles for amplification [95ЊC with 0-s hold, test annealing temperature with 5-s hold, product 50 mM KCl, 2.5 mM MgCl 2 , 10 mM dithiothreitol (DTT), 0.5 g oligo(dT) 12-18 , 0.5 mM each of dATP, dGTP, dCTP, elongation and signal acquisition (single mode) at 72ЊC with 18-s hold] and 1 three-segment cycle of product and dTTP, and 200 U SuperScript II Reverse Transcriptase. In terms of the order of adding reaction com-melting (95ЊC with 0-s hold, 65ЊC with 10-s hold, and 95ЊC with 0-s hold at the step acquisition mode). The ponents, RNA and oligo(dT) were mixed first, heated to 70ЊC for 10 min, and placed on ice until addition of temperature transition rate for all segments of the amplification cycles and the melting curve cycle were set the remaining reaction components. The reaction was incubated at 42ЊC for 1 h, and terminated by heat inacti-at 20ЊC/s except that it was set at 0.2ЊC/s for segment 3 of product melting curve analysis. The annealing temvation at 70ЊC for 15 min. The cDNA product was treated with 2 U of RNase H (Invitrogen) for 20 min at perature that yielded the most specific product at reaction endpoint with a T m separated from nonspecific 37ЊC, followed by heat inactivation of the enzyme at 70ЊC for 15 min. An identical reaction without the re-product T m by at least 3-5ЊC was selected. The signal acquisition temperature was set to equal specific prodverse transcriptase was performed to verify the absence of genomic DNA (no-RT control). The cDNA was stored uct T m Ϫ 1 or 2ЊC. If the annealing temperature did not result in a single specific product with T m adequately interfered at the acquisition temperature, conditions of resolved from nonspecific products, the time of anneal-the PCR assay should be adjusted as described above. If ing could be adjusted to improve reaction specificity. no-RT controls show specific products by melting curve Otherwise, redesign of primers would be required to analysis, then RNA samples should be treated with achieve the desired specificity.
DNase I for complete removal of DNA prior to using these samples for validation of other genes.
Validation Experiments Calculations Experimental Conditions
Each assay set (duplicates of cDNA dilutions of standAfter empiric determination of the annealing and ac-ards and unknown, and the negative control) was requisition temperatures, reactions for determining the peated and calculations were made using all results relative gene expression in samples were set up. Sample from both assay sets. The default (fit point/arithmetic) preparation for PCR in capillary tubes was performed method of LightCycler Software Version 3 based on kias described above. The relative standard curve was netic approach (7, 8) Concentration values corresponding to the 1:200 cDNA Thermal cycling was initiated with 1 cycle at 95ЊC with 60-s hold for denaturation and "hot start" followed dilution of samples to be compared are used to calculate by 50 four-segment cycles for amplification (95ЊC with the relative expression levels and coefficients of varia-0-s hold, primer-specific annealing temperature with tion (CVs). Table 1 presents an example of the concen-5-s hold, product elongation at 72ЊC with 18-s hold, and tration values obtained for the gene fibronectin in 1:200 product-specific signal acquisition temperature with cDNA dilutions of two samples, and calculations of rela-2-s hold) and one cycle of product melting (95ЊC with tive expression levels and CVs. 0-s hold, 65ЊC with 10-s hold, and 95ЊC with 0-s hold in the step acquisition mode). The temperature transition rate for the first three segments of the amplification USE OF REAL-TIME PCR FOR VALIDATION OF cycles and the first two segments of the melting curve
GENE EXPRESSION
cycle was set at 20ЊC/s. For segment 4 of the amplification cycles the temperature transition rate was set at 5ЊC/s, and for segment 3 of the melting curve cycle it
The RT-PCR approach described above can be readily was set at 0.2ЊC/s. integrated to validate the results of any primary differTo be acceptable, at least two of the three relative ential gene expression screening method (cDNA arrays, standard curve dilutions in an assay must yield specific DD-PCR, serial analysis of gene expression, and subproduct (based on T m ) and the no-template control traction hybridization) once the sequence of the candishould have no product or primer-dimer product meltdate gene is known. This section describes the evaluaing lower than the signal acquisition temperature. If tion and integration of the real-time quantitative PCR only one of the standard curve dilutions produced deprotocol for validation of gene expression results from tectable product, appropriate adjustments in the dilumicro-or high-density arrays and DD-PCR methods. tions were required to generate the minimum two points for the relative standard curve. If primer-dimers Steps in the overall procedure are outlined in Fig. 1 .
Validation of DNA Array Results
Comparison of Real-Time RT-PCR and DNA Array Results Differential expression of genes identified with any Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) array platform (cDNA or oligonucleotide) can be valiis an abundantly expressed housekeeping gene in most dated with the procedure described above. As an examcells, but regulation of expression has been reported unple, we used cDNA based high-density filter arrays der some conditions (11) . By DNA array hybridization, (Atlas Human Cancer cDNA Expression Array; Clon-G3PDH transcript was detected at equal levels in subtech) to identify genes differentially expressed between clones 20863 and 20861. Real-time RT-PCR also detected two subclones (20863 and 20861) of W12 cervical epithe-G3PDH transcript at the same level in both subclones lial cells harboring human papillomavirus 16 (HPV16) (Fig. 2) (9) . The fidelity of the real-time PCR assay is in different physical states (9) . Genes for validation demonstrated by the lack of specific signals for the nowere selected on the basis of their absolute hybridiza-RT and H 2 O controls (Fig. 2) and by the CV determined tion intensity (subclone 20863 as reference) as well as for each gene. The mean CV for genes with high hybridtheir relative intensity (subclone 20863 to subclone ization intensity was 12% (range: 1-25%), and for those 20861).
with low hybridization intensity, 18% (range: 18-28%).
Gene-Specific Primers to Validate Array Results
For the Clontech arrays, the manufacturer provides sequence information for the gene-specific primers used to generate the PCR fragments spotted on the arrays. In this instance, all that was required was the synthesis of the specified primers. If this information is not available, gene-specific primers could be designed (using sequence information deposited in GenBank) for validation of results from array platforms. Primers should be 17-24 bases yielding a transcript-specific product of 150-650 bp. Products Ͼ 650 bp are not amplified consistently by the LightCycler. Specificity is improved by avoiding highly conserved regions in members of multigene families. The relative change in expression for several genes the first step in validation of results requires excision as determined by cDNA array and real-time PCR are of the band of interest from the DD-PCR gel and sepresented in Table 2 , and an example of the amplification quencing of the extracted DNA. Selected bands were plot of a differentially expressed gene (vimentin) is given excised and reamplified following the fluorescence DDin Fig. 3 . Real-time PCR confirmed the majority of cDNA PCR manual (Beckman and Coulter, Inc., Foster City, array results (88%) when the hybridization intensity was CA) except that Expand PCR Kit (Roche Molecular Biohigh (15 of 17 genes) or when the relative difference chemicals) was used. The Expand PCR Kit was used in expression between the subclones was greater than in place of the recommended AmpliTaq DNA polymerfourfold (5 of 5 genes). Genes detected as expressed in ase (PE Applied Biosystems) to increase the size of DDonly one sample by array result were all of low intensity PCR fragments that could be reamplified from the exand only 1 of 4 genes was confirmed. Overall, real-time cised HR-1000 gel matrix (Beckman and Coulter, Inc.). PCR confirmed cDNA array results for 17 of 24 genes Reamplified products containing an intense band of the (71%) tested. Differences were also seen in the magnitude correct size on agarose gel (1.2%) were sequenced folof expression differences for genes concordant between lowing the instructions for the Bigdye Terminator Cycle cDNA array and real-time PCR. For example, among the 14 differentially expressed genes confirmed by real-time Sequencing Ready Reaction Kit (PE Applied Biosys-PCR, 10 genes showed expression differences greater tems) and ABI 377 Sequencer (PE Applied Biosystems). than that determined by cDNA array.
Only sequences with Ͻ10% ambiguous bases were used for validation. Bands containing mixtures of sequences
Validation of DD-PCR Results
are not suitable for validation by this approach until the predominant sequence has been identified by singlestrand conformational polymorphism or by sequencing Selection of DD-PCR Bands and Gene-Specific Primers of multiple clones. Once the sequence has been deterThe main difference in approach between DNA mined, the primers could be designed using the princiarrays and DD-PCR is that there is no sequence information associated with the DD-PCR bands. Therefore, ples outlined in the section above (array validation). 
Comparison of Real-Time RT-PCR and DD-PCR Results
suggesting that Band 1 is expressed at equal levels in both monolayers and rafts. The results for Band 1 As an example, an optimized fluorescence-based difobtained by real-time PCR and DD-PCR are concorferential display PCR (fluoro-DD-PCR) system (Beckman Coulter, Inc.) was used to identify genes differen-dant. The sharp and fully overlapping melting peaks tially expressed between nondifferentiating mono-at all cDNA dilutions (Fig. 4B) indicate that the primers layers and differentiating raft cultures of subclone designed from Band 1 sequence are specific for the 20861. Bands reproduced with equal intensity between quantification of the newly derived sequences. Realthe duplicate lanes of a sample were used for analysis. time PCR was done to validate the expression pattern Bands were grouped as representing unique, 2-to 4-of a total of 13 DD-PCR bands. The mean CV for bands fold, 5-to 10-fold, and Ͼ10-fold differences in gene ex-with low to moderate signal strength was 10.4% (range: pression based on visual assessment of relative band 3-28.5%), and for those bands with strong signal intensities. Bands representing upregulation, in either strength in the DD-PCR gel, 18% (range: 0.8-30%). monolayer or raft, were also grouped as weak, moderReal-time PCR confirmed the DD-PCR expression patate, and strong based on absolute intensity (Table 3) .
tern for all but 1 of 13 bands (92%) representing known The amplification plot (Fig. 4A ) generated with primgenes and ESTs, and various levels of relative and absoers designed from Band 1 sequence shows complete overlap in the log-linear phase at each cDNA dilution, lute band intensities. of RNA under real-time RT-PCR conditions described here, and found it to be satisfactory. All reactions with cDNA template showed one sharp and fully overlapping melting peak indicating the specificity of primers designed from partial gene sequences. Open arrow indicates the melting curve with no peaks for water and no-RT controls. Closed arrow indicates the melting temperature (T m ) of specific product in these reactions.
